The article presents the results of research conducted in order to create nomographs allowing assessment of slope stability. The proposed recommendations involve graphs and charts, where factor of safety (FOS) is computed in according to six different characteristics: slope height and angle, slope surface vegetation cover, applied surcharge, position of water table, soil mechanical conditions. For the purpose of the research several geotechnical models and approaches were used and became a basis for developing simplifi ed method of predicting the failure of natural and engineered slopes. The advantage of the solutions presented is their simplicity of use; as further FOS calculations are not required during the complex assessment of slope stability.
INTRODUCTION
Slope instability and slope failures are significant problems in geotechnical engineering, that engineers throughout the world are dealing with. There is a variety of slope failure types, all of them mainly caused by forces associated with ground water flow and gravity, and occur as the result of shear failure or soil liquefaction (Abramson et al. 2002) . There have been a great number of slope stability analyses undertaken by engineers. All of these analyses are conducted using very complex calculation methods, which require time to achieve the expected results. Furthermore, the site investigation procedures required are very expensive. To avoid such issues throughout the last two centuries there have been developed several slope stability charts, including Bishop's, Taylor's or Spenser's charts (Abramson et al. 2002) . Those charts were developed mainly for high structures, however for small slopes that kind of research is innovative and could produce valuable results. The charts for slope stability assessment, prepared in the paper, will help to assess the factor of safety for slopes up to 10 m in height, in both natural and artificial stability conditions. The charts consider different soil and hydrological conditions, different slope angles and heights, and the influence of vegetation and surcharge applied. Nowadays, when economic factors are taken into consideration in an investment planning, it is important to find new cost effective investigative tools or guides, which can help to reduce investment costs whilst giving reliable slope stability assessment.
MATERIALS AND METHODS
The proposed charts for assessment of slope stability in small earth structures, which are the final output of the study, were developed by considering several classic methods of slope stability analysis including Fellenius, Bishop, Janbu, and Taylor from which the factor of safety is obtained. The first three methods are based on the limit equilibrium technique, which is applicable in stability assessment by using the method of slices, whereas Taylor's method is based on the total stress analysis. The reason for choosing these methods is that they present the most common techniques of calculating the stability of slopes (Smith and Smith 1998 , Abramson et al. 2002 , Craig 2004 .
The factor of safety for the charts of this research was evaluated for six varying parameters. These are: slope height (H), slope angle (β), soil parameters (γ, c, φ), groundwater table position, position and weight of surcharge and vegetation cover.
These parameters were chosen as they always occur as crucial ones during site investigations into the causes of slope failure (Abramson et al. 2002) . As the guidelines were developed for small earth structures, the factor of safety was computed for several typical values of height (2, 4, 6, 8 and 10 m) . It was assumed after reviewing the literature (i.e. Smith and Smith 1998 , Abramson et al. 2002 , Craig 2004 , Koda 2011 , that for small structures these values are most common, and vary within the proposed range.
The slope angles (β) used to develop graphs and charts are 30°, 40° and 50°. The proposed angles present the range of values which are very common design of cuttings, road embankments or levees, not exceeding 10 m in height (Smith and Smith 1998 , Osiński 2010 . The next parameter for which the stability of slopes was evaluated is the soil-water condition. Parameters of soil are crucial to obtain the factor of safety (Zabielska--Adamska 2006), and they determine the earth mass movement as the soil structure is very sensitive to any kind of hydrological or stress changes. There are three fundamental soil characteristics required for calculating the stability of slope: unit weight -γ (kg/m³), cohesion -c (kPa), internal friction angle -φ (°).
The soil used in constructing earth embankments has a typical range of unit weight values from 18 to 22 kg/m³, this range was used in the research to obtain the factor of safety. The next parameter is the cohesion, for which values were selected to be from 0 to 50 kPa, as this range is representative of the less stable slopes. The third parameter, which is necessary to obtain the factor of safety, is the angle of internal shear resistance (φ). The values in the study varies from 0° (saturated cohesive soil) to 50° (compacted coarse soil), as this range is representative of small earth structures stability.
Another factor that influences the stability of the slope is the groundwater. Most existing charts describe the existence of groundwater as a pore water ratio (r u ), which is expressed as:
In existing stability charts the procedure to obtain the r u is complex, requiring a number of additional calculations. For this reason the nomographs were designed in according to the depth of the water table. There are two ranges of values for the depth of the groundwater table, 0.5-1 and 1.5-3 m. Below the depth of 3 m the presence of water has been found not to influence the factor of safety (Osiński 2010). To make the calculation as precise as possible, and to predict any scenario of groundwater flow, the GeoStudio computer programme was used. It allows the creation of groundwater flow models through the structure by using flow net method (Cholewa and Baran 2013) , which provides answers for the pore water pressure at every point of the considered structure (Osiński 2010).
The next parameter considered was the surcharge (Figs 1 and 2 ). On field sites it often happens that additional loads are found on the slopes. This can be dangerous, but unfortunately is very common. In terms of this kind of situation, in the nomographs two positions of 9-meter--long surcharge of 15 kN in weight were considered on the top and at the bottom of the slope (Figs 1 and 2 ). The investigation conducted by the authors showed that smaller values of surcharge had little effect on the stability of slope. The proposed load of 15 kN at a length of 9 m (2.15 kN/m, which could be expressed as 200 kg/m) showed significant changes in the factor of safety. The changes in the factor of safety (FOS) were evaluated for slopes with parameters which were initially in the range of values between 1 pore water pressure at any point in a soil mass water unit weight · distance between considered point and surface u r FIGURE 1. Surcharge applied at the top of the slope (GeoStudio computations) and 2. This is to show how the factor of safety varies in extreme conditions, when collapse of the slope is most probable.
Another parameter, which also has a significant impact on slope stability, is the vegetation cover (Fig. 3) . By using the Slip4EX spreadsheet (Greenwood 2006) , it is possible to assess how the distribution and type of vegetation can influence the factor of safety. In this study, slopes with low value of the factor of safety were considered and assessed FIGURE 2. Surcharge applied at the bottom of slope (GeoStudio computations)
FIGURE 3. Effect of vegetation cover (FOS calculated by using Slip4EX, the geometry of the failure surface computed by GeoStudio2007) to see how vegetation cover affected the resulting stability. In Slip4EX the factor of safety can be calculated by using several equations developed by Greenwood (2006) , however in this study the Greenwood General Method was used, as it presents similar characteristics to other methods used in this study. The model is described by equation where all the parameters indexed with "v" derives from changes caused by presence of vegetation cover on slopes:
where:
Examples of the results obtained from the research are presented in Tables 1, 2 and 3. The factors were used as a basis for developing stability charts, for which an example is presented in Figure 4 . To increase the value of the nomographs, the slope stability analyses were conducted by using different methods available in the literature, which were compared and assessed according to forces acting during the slope failure and the geometry of slip surface. Step 7 1.72
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The employment of computer software, such as GeoStudio2007, AutoCAD and Slip4EX, were essential for the research. These programmes appeared to be very useful, moreover in some cases even crucial, i.e. computing the factor of safety for slopes with vegetation cover. Each of the software packages played a different role in the research development, however a combination of the three programmes was more efficient (Osiński 2010).
RESULTS OF THE RESEARCH

Evaluation of the methods used in the study
One of the objectives of the study was to select the method from which the charts would be developed. The Bishop's method was selected to conduct further calculations. Table 1 presents examples of the calculations for the factor of safety for different slope parameters using Bishop's method. Several methods were considered in this study to obtain slope stability results. All of them are numerical models, where the method of slices or total stress analysis is used. The comparison of methods was conducted to show differences in the computed results, to prove that different assumptions for vertical and horizontal forces influences the results, and finally to decide which method was the most accurate in terms of consideration of interslice forces and geometry of the failure surface. The advantages and disadvantages enable the authors to conclude that the Bishop's (simplified) method is the most reliable and appropriate for the study, in terms of the interslice forces considered in the method, application to different geometry of the failure surface, the reliability of results, and application in different parameter of soil (no limitation for cohesive or granulated materials).
The influence of surcharge applied and vegetation cover on slope stability
The next objective of the research was the investigation of how the factor of safety changes when different natural and artificial parameters were considered. These parameters are: slope height, slope angle, soil parameters, position of water table, position of surcharge applied and slope vegetation cover. The influence of the first four factors has been already presented in Table 1 while the surcharge  and vegetation cover is presented in the  Tables 2 and 3 , respectively. The complete presentation of results (graphs and charts) can be found in Osiński (2010) .
The next factor considered in the research was the vegetation effect. The assessment of slope stability according to the presence of vegetation was evaluated by using the Greenwood's method (Greenwood 2006 , Osiński 2010 ). An example of the results is presented in Table 3 .
Stability charts for the slope stability assessment
The slope stability charts were designed on the basis of the results presented in the previous section, where the factors of safety for different slope parameters were calculated. The slope height and angle, soil parameters (γ, c, φ), and position of water table were considered. To obtain the factor of safety from the slope stability chart (Fig. 4) , steps listed bellow should be followed:
Step 1. Defining the problem. All required parameters of the slope (H, β, γ, c, φ, WT) have to be collected from site investigation.
Step 2. Appropriate stability chart has to be chosen.
Step 3. Soil parameters (γ, c, φ) has to be related to the supportive table.
Step 4. The soil property number (SPN) has to be read off.
Step 5. Soil property number (SPN) has to be related to the X axis.
Step 6. From the legend on the right side of the graph the adequate line, which refers to the height of slope considered, has to be chosen.
Step 7. Having chosen the soil property number (SPN) and the line presenting the slope height, the intersection of these two on the graph, enable the user to read the factor of safety for considered slope from the Y axis.
DISCUSSION
Stability charts
The existing slope stability charts presented in this study consider slope height and angle, different soil parameters (γ, c, φ), and hydrological conditions. As mentioned previously, slope stability charts have already been developed. However, the nomographs developed in the study consider additional parameters (surcharge, vegetation). They provide basic information as to how the stability can be improved and furthermore they do not require complex, additional calculations to obtain the final results.
Charts available in literature (Smith and Smith 1998 , Abramson et al. 2002 , Craig 2004 , Osiński 2010 and stability charts, i.e. the Bishop's and Morgenstern's chart, are related especially to dams, and do not provide sufficient information of stability assessment for a wide range of values of soils parameters. To obtain the factor of safety, the calculation formula has to be used, and moreover the stability related to the hydrological condition can only be assessed if the pore pressure coefficient is known. The same condition is in Michałowski's charts (2002) . The r u is the parameter which is difficult to obtain, as it requires knowledge of flow net method procedures (complex in drawing and calculating) or at least familiarity with geotechnical computer programmes. The nomographs presented in this paper enable users to obtain the factor of safety for saturated soil, by knowing the position of the water Hoek and Bray (1981) . They are very useful but the results for the factor of safety can only be obtained after complex and time consuming iterative calculations, which make the charts difficult to use.
Surcharge effect
Most of the existing in literature stability charts do not refer to such parameters as slope vegetation cover or surcharge effect. There are only Janbu's charts which are developed according to the additional load applied to the slope. Janbu in his charts introduces the reduction factor for surcharge which is not an appropriate expression. Statement of surcharge effect is provided to give the user an idea of how the stability of the earth structure can vary when overburden is applied in different position. It shows how the slope can behave when, for example, waste is deposited on top of it, or simply to give an idea of how to avoid instability by applying, for example, gabions at the toe of the structure.
The effect of the presence of vegetation
The presence of vegetation was the next parameter on which the research was conducted. It shows how in a basic way the value of the factor of safety can be increased, and how important it is to remember that vegetation can greatly influence slope stability (Greenwood et al. 2004 , Koda and Osiński 2011 .
For randomly chosen soil parameters (to avoid biased selection), with a bare slope surface the dimension of failure shape were measured and fed into the Slip4EX spreadsheet. The research was focused on distribution, weight and tensile root strength parameters of plants, rather than on selecting specific species of vegetation. The characteristics of the root system for the analysed cases were collected from Greenwood et al. (2004) and Koda et al. (2013) . Research on the influence of vegetation showed that it can be one of the effective methods of slope stability improvement, in terms of cost and efficiency. However, this statement is very debatable (Greenwood et al. 2004) . In some cases it is proven that the presence of vegetation can negatively influence slope stability.
CONCLUSIONS
The aim of the project was to develop charts and graphs to assist in the design procedures for building safe of small earth structures, such as dams up to 10 m in height, levees, road embankments and terraces. The existing charts are mainly focused on larger slopes (height more than 10 m), and furthermore their functionality can be improved. The tools developed in this study provide simplicity and accuracy in slope stability assessment. By using computer-aided methods it is claimed that the results are precise and reliable. Moreover, the methodology that has been developed made the charts simple to use, where making any further assumptions or calculations are excluded. This is why these nomograms are also aimed at engineers who are less familiar with geotechnics.
The essential part of the research is that the assessment was undertaken according to a variety of natural and artificial stability influencing factors, which significantly increased the value of the nomographs. The research conducted presents very useful information, such as how surcharge applied at the top or bottom of the slope can significantly change stability. It has also been shown that a simple activity, such as vegetation establishment, can increase the factor of safety by as much as 20%. All of these reasons make the presented charts unique and innovative. By using a simple method of presenting the results, creating simple graphs and tables, every user is able to explore these nomographs in a real and professional, geotechnical way.
